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BREEDER REACTORS1,2 
By LLOYD G. ALEXANDER 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
1 .  INTRODUCTION 
Energy from nuclear sources will contribute substantially toward meeting 
the world's power requirements by the end of this century and possibly will 
dominate by the middle of the next. While it is hoped that the fusion of 
hydrogen or deuterium will ultimately provide energy at negligible cost, this 
is not certain; and present efforts are directed mainly toward the develop­
ment of reactors wherein nuclear energy is released by the neutron-induced 
fission of certain isotopes of uranium and plutonium. 
Besides fission, several other reactions are possible, the most important 
being radiative capture. Nuclides in which the fission reaction predominates 
with neutrons having energies in the "thermal" range (that is, in thermal 
equilibrium with their environment) are said to be "fissile" (17), and are 
classed as "nuclear fuels," the important ones being U233, U23" PU239, and 
PU241• 
The maintenance of the fission reaction in a reactor depends upon the 
production of neutrons in the fission process. If more neutrons are produced 
than are required to continue the chain reaction, the extra neutrons may 
profitably be used to make new fissile atoms by being absorbed in "fertile" 
atoms, whereby the latter are converted into fuels. The most important 
fertile nuclides, Th232 and U238, which abound in nature, are converted into 
U233 and PU239, respectively. 
The process of producing nuclear fuels is loosely called "breeding." 
Logically, the term "breeder reactor" should be used to characterize those 
reactors which produce fuel nuclides of the same kind as those consumed, 
and "converter reactor" to characterize those which produce fuel nuclides 
different from those consumed. However, in common usage, "breeder" is 
used to designate reactors in which more fuel is produced than consumed, 
regardless of the kinds produced and consumed, while "converter" desig­
nates those that produce less. These latter meanings will be used in this 
review. 
1.1 INCENTIVES FOR BREEDING 
In Civilian Nuclear Power-a Report to the President-1962 (134, 135), it 
is stated that "nuclear power is believed to be on or near the threshold of 
competitiveness with conventional power for large plants, in areas of the 
country where fossile fuel costs are high. Further cost reductions are defi­
nitely in sight .... " 
1 The survey of literature for this review was concluded in January 1964. 
2 Research sponsored by the United States Atomic Energy Commission under 
contract with the Union Carbide Corporation. 
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The reactors which provide the basis of this prediction are of the con­
verter type. These, however, consume U230 with relatively little production 
of. PU239. More than 99 percent of the U238 in natural uranium mined to pro­
vide U235 for such reactors is discarded, either in diffusion plant "tails" or in 
spent fuel (31 ) .  A nuclear industry based on such reactors, and growing ac­
cording to probable projections, would commit, by 1992, the probable 
United States reserves of uranium that can be recovered at costs between 
$5 and $10 per pound of Ua08 (134) . The amount of energy generated prior to 
the year 2000 would make only an insignificant contribution to our total 
requirements, and their development for this purpose alone would not be 
worthwhile. Clearly, greater utilization of fuel must be realized. This can be 
accomplished through the construction of converters with high neutron 
economy (conversion ratio between 0.9 and 1 .0) ,  or breeders ; however, in 
the long run only breeders will be able to use h igh-cost ores and still produce 
power at costs not greatly above current costs. The resulting heavy demand 
for fissile materials for the inventories of these breeders may result in an 
inventory shortage. Dietrich (31) states that 
the problem of nuclear fuel resources (and competitive nuclear p ower) is purely 
one of a shortage of fissile isotope. If the postulated growth of nuclear power does 
occur, a delay in the development of breeder reactors will cause a substantial 
increase in the total (natural) uranium requirement. The one conclusion that does 
seem obvious is that free economic pressures alone can have no important effect 
in directing reactor development toward the conservation of resource in the 
rapidly expanding industry .... Since it takes 10 years or more to devel op a new 
reactor type, and since the construction of a particular nuclear plant preempts 
a fuel supply for that plant for something like 30 years, the economic feedback 
simply has too long a time constant to be effective in controlling a resource deple­
tion that can assume serious proportions over a period of a few decades. 
This p oint of view is strongly contested by W. B. Lewis, former President 
of the American Nuclear Society and Vice President of Atomic Energy of 
Canada, Ltd. In a series of papers culminating in a direct challenge entitled 
Breeders Are Not Necessary--A Competing Other Way for Nuclear Electric 
Power (85), Lewis declares that "by recycling plutonium in thermal con­
verters, about 3% of the energy latent in natural uranium may be recovered; 
by the gradual introduction of thorium, recycle of U233, and with closer atten­
tion to conservation of neutrons, up to 15% may be obtained. Further 
uranium cost increases would result in the opportune evolution of thermal 
self-sustaining breeders." 
Dietrich's forecast of an inventory shortage was based on the perform­
ance of near-term breeders having specific powers of about 0.6 MWt/kg and 
an estimated United States reserve of 800,000 tons. It  is not unreasonable 
that specific powers higher by a factor of two than assumed by Dietrich 
might be achieved in advanced breeders. Also, the world reserves are much 
larger than those of the U. S., and there is no reason to suppose that all of 
these would be unavailable to us. Further, as Lewis points out (85) , new 
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low-cost ores may be found, or more economical methods of extraction may 
be developed. 
Thus, the resolution of the problem of scheduling breeder development 
depends upon having information largely unavailable at the present time. 
However, unless very large deposits of low-cost ores are found soon, pru­
dence requires the development of breeders now ; and these, if developed ac­
cording  to predictions, may well prove to be more attractive than the con­
verter reactors being developed. 
1 . 2 THE UNITED STATES POLICY FOR BREEDER DEVELOPMENT 
The United States Atomic Energy Commission (USAEC) (134) takes 
the position that 
... our supplies of uranium and thorium contain almost unlimited amounts of 
latent energy that can be tapped provided "breeder" reactors are developed ... , 
this will render relatively unimportant the cost of nuclear raw materials so that 
even very low-grade sources will become economically acceptable .... [During 
the approach to a self-sustaining breeder industry,] it will be necessary to fuel some 
portion of the installations with uranium-235, [since] ... fast breeders ... will 
probably be augmented by thermal converters burning U-235 and producing 
plutonium .... It is important that the combination of breeders and converters 
reach an overall net breeding capability, or very nearly so, while relatively cheap 
fuel supplies are still available .... The [nuclear power] program should include: 
(a) early construction of plants of the presently most competitive reactor type; 
(b) development, construction, and demonstration of advanced converters to 
improve the economics and the use of nuclear fuels; (c) intensive development 
and, later, demonstration of breeder reactors to fill the long-range needs of utilizing 
fertile as well as fissible fuels. 
Dr. Frank K. Pittman, Director of the Division of Reactor Development, 
USAEC ( 1 1 1) ,  recently designated four significant but conservative dates in 
the Fast Breeder Reactor Program: " 1969, when our planning provides that 
many decisions be made with regard to technology; 1973 when plans call for 
operation of the prototype; the early 1980's when we anticipate operation 
of improved demonstration plants; and 1989 when plans call for operation 
of a 1 000 MWe commercially competitive plant . . . .  This plant, as now en­
visioned, will be sodium-cooled, fueled with uranium-plutonium in either 
ceramic or metallic form, and will have a breeding ratio not less than 1 . 2 ." 
1.3 ARTICLES OF GENERAL INTEREST ON BREEDING 
The Report to the President (134, 1 35) is an important benchmark from 
which to begin any detailed survey of the development of nuclear power in 
the United States. This report was summarized in Power Reactor Technology 
(153) , which carried a review of breeding in 1960 ( 154). Weinberg reviewed 
breeder r eactors in 1960 (140) and presented an appraisal of advanced sys­
tems in a later paper (139). Lewis, in addition to the paper already cited, 
presented his v iews on the United States civilian power program in 196 2 
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(84). Ergen (34) and Zebroski (152) debated how soon breeding would be 
necessary, and Nucleonics presented a symposium of prognoses for the 
nuclear industry, including thermal and fast breeders, in the issue of June 
1963. Starr (124) presented his view of the status and prospects for nuclear 
power. Hammond (52) described the application of advanced, very large 
breeders for desalination and other purposes. Dietrich's review of fuel 
utilization (31) has been mentioned. 
Substantial development efforts for fast reactors are being sustained both 
in the United States and abroad (3, 143). References (2), (88) , and (3) 
present the Russian view in English translation while papers by Vendryes 
(137), Falkenberg (35), Blake (14), and Taube (129) may be taken as rep­
resentative of the French, German, British, and Polish views. 
2. ANALYSIS OF B REEDING 
2.1 BREEDING RATIO 
The merit of a reactor is partially measured by the "breeding ratio" 
(symbol B), or the rate of "production" of fuel atoms divided by the rate of 
"consumption."  Spinrad (123) points out that the rates must be evaluated 
in the steady state (averaged over fuel-life) and that "consumption" must 
include losses resulting from the capture of "neutrons in precursors of fuel 
isotopes (e.g., Np239) as well as chemical processing losses and other fuel­
handling losses. 
The breeding ratio may be expressed, as in Equation 1. in terms of the 
excess of the neutron production over the losses the excess being available 
for absorption in fertile isotopes. 
B = 'Ie - 1.0 - A (moderator) - F(fertiles) - 2A (precursors) 
- A (diluent) - A (fission products) - A (structures) 
- A (coolant) - A (control) - A (misc.) - leakage 
- processing losses 1. 
where 7]e is the number of neutrons produced from all sources, including fast 
fissions in fertile isotopes and (n, 2n) reactions, per fuel atom destroyed by 
reaction with a neutron; A denotes absorption; F denotes fission. Of the 
neutrons produced, one is required to continue the chain reaction while 
others are lost in various ways as indicated (see also Sec. 4). Absorptions in 
precursor atoms (e.g. ,  Pa233) are subtracted twice because, in addition to the 
loss of a neutron, a fissile atom is also lost since the product (Pa234) decays 
to a non fissile atom (U234). 
2 .2  FUEL YIELD AND DOUBLING TIME 
The ratio of the value of the annual excess of fissile isotopes produced to 
the value of fuel invested in steady-state inventories is the economic fuel 
yield (Ye). The reciprocal of this is the simple-interest doubling time ( T) ,  or 
the time in years for the cumulative excess production (at constant power) 
to equal the value of the steady-state inventory of fissiles, which includes 
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fissiles in the blanket, irradiated fuel held for decay of radioactivity, fuel in 
processing, in fabrication, in transit, and in pre-irradiation inventories ( 123), 
Y, == SGCR(B - 1 .0)MpFVp/lOOOViNa 
where S is the specific power in thermal megawatts per kilogram of fissile 
inventory, G is the energy equivalent of fission (about 3.1 X 10,6 fissions 
per MW-sec for U235, and varies slightly with fissile nuclide) , C is the num­
ber of seconds in a year, R is the number of fissile atoms destroyed by reac­
tion with a neutron per fission in the reactor, Mp is the mean atomic weight 
of the product isotopes, F is the reactor plant utilization factor, Vp is the 
value of the product in dollars per kilogram, Vi is the value of inventory, 
and Na is Avogadro's number. The factor R varies from less than unity in fast 
reactors to 1.3 in poorly moderated thermal breeders. For approximate 
calculations, Ye may be set equal to 0.38 SRF(B-l) , where it is assumed Vp 
approximately equals Vi. 
2.3 NUCLEAR POWER COST 
Nuclear electric power costs may be resolved into (a) fixed charges on the 
reactor and the energy conversion plants, (b) operation and maintenance 
expense, and (c) fuel cycle costs. 
Predicted capital investments mostly lie in the range from $100 to $200 
per electrical kilowatt of installed capacity and, depending on such factors as 
the type of financing, contribute between 2 and 4 mills/kW-hre to the cost of 
power. Operation and maintenance cost estimates range from 0.3 to 1.0 
mill/kW-hre, but these are presently nebulous for the types of reactors that' 
appear to be capable of breeding. 
Fuel cycle costs.-Fuel cycle costs are those incurred in fabricating, 
irradiating, and reclaiming spent fuel and they depend partly on the nature 
of the fuel and partly on the size of the facilities for fabrication and reclama­
tion. They are sensitive to factors such as the breeding ratio and fuel ex­
posure. 
The fabrication cost includes the cost of raw materials, inventory 
charges on materials in process, the cost of preparation of fuel for insertion 
into the reactor, losses, and charges for shipping materials to and fabricated 
fuel from the fabrication plant. 
The irradiation cost is composed of interest, profits, and taxes chargeable 
to special nuclear materials in the reactor system, less a credit for excess fuel 
produced. Special nuclear materials include fissile nuclides, fertile nuclides, 
D20, Li', Bi, and Zr. 
The processing cost includes charges for transportation of spent fuel to 
the processing plant, storage of the fuel until the radioactivity has decayed 
to levels tolerable in the process equipment, inventory charges on materials 
in process, cost of chemical separation and recovery of valuable components 
of the fuel , reconversion of these into form suitable for sale or refabrication, 
and disposal of radioactive waste. 
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Low fuel cycle costs are favored by high thermal efficiency, long ex­
posures, high specific powers, and high breeding ratios. Unfortunately, not 
all of these can be maximized simultaneously by the designer. For example 
as the exposure is increased, fission products accumulate, parasitic neutron 
captures increase, and the breeding ratio falls. Thus, while fabrication and 
processing costs fall, the irradiation cost rises. 
Cost-yield characteristics.-For any particular fuel yield, some combina­
tion of the independent variables (e.g., moderator-fuel ratio, power density, 
fuel residence time) will give a least fuel cycle cost. The envelope of these 
least costs constitutes a yield-cost relation ( 1) that is characteristic of the 
particular system, the design assumptions, and the cost bases used. The 
minimum fuel cycle cost and the corresponding fuel yield are important 
indices of merit for the reactor system, as is the maximum fuel yield obtain­
able at some arbitrary limit on the fuel cycle cost (say 1 mill/kW-hre). 
The minimum cost occurs at a yield usually much less than the maximum 
obtainable, and indeed can occur at a negative yield (breeding ratio less than 
unity). 
The fuel cycle cost at a fuel yield equal to the inventory charge rate is an 
invariant with respect to cost of fissiles. A reactor system that is capable of 
achieving a fuel yield equal to or greater than the annual charges on inven­
tories at a fuel cost of, say, 1 miIl/kW-hre has an advantage in that the 
minimum fuel cost can be kept at or below 1 mill/kW-hre regardless of 
changes in the cost of fissile materials. The cost-of-money (interest, earnings, 
taxes) for private ownership of nuclear fuel is expected to be about 10 per­
cent per year, and therefore the ability to achieve a fuel yield this large at a 
fuel cost of 1 miIl/kvV-hre could reasonably be adopted as a criterion of 
merit for power breeder reactors. 
2 .4 CUARACTERISTICS OF THE BREEDER COMPLEX 
Neutronic system.-As may be inferred from Equation 1, a high breeding 
ratio is achieved by maximizing both the number of neutrons produced per 
fissile atom destroyed (71,) and the fraction of these absorbed in fertile atoms. 
These ends are achieved by the proper choice of materials, their optimum 
disposition in the reactor, and efficient modes of operation. 
Neutron energy. 
A major division in the nuclear classification of reactors is based on the 
energy of the neutrons causing fission. In "thermal" reactors, the core is 
diluted with certain light elements or "moderators," which, through elastic 
collisions with energetic "fission" neutrons, quickly slow these to velocities 
corresponding to the temperature of the reactor core. The resulting "ther­
mal" neutrons diffuse through the core for a period of time rather long com­
pared to their slowing-down time and are mostly absorbed in fissile and 
fertile nuclides. The moderators necessarily have low neutron-capture cross 
sections, and are usual1y selected from among H, D, Be, or C. 
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In "fast" reactors. light elements. especially those having large scatter­
ing cross sections. are excluded from the core, which is heavily loaded with 
fissible and fertile nuclides so that energetic neutrons may be absorbed in one 
or the other before they either have lost much of their initial energy or have 
escaped from the core. 
The number of neutrons produced during fission is much larger for ener­
getic neutrons ( >  105 eV) than for thermal neutrons, as may be seen in Figure 
1, taken from a recent review by Kasten (68) . The value of '1/ for PU239 
rises well above 2.8 for neutrons having energy above 1.0 MeV. Furthermore, 
the parasitic cross sections of many structural materials and coolants which 
would be unacceptable for use in thermal breeders are relatively small in 
hard spectra, and these materials (e.g., stainless steel and sodium) may be 
used in fast breeders. Similarly, fission product poisoning is much less serious, 
and the loss of neutrons to Xe135 is negligible. As a result, fast-reactor de­
signers are not so much concerned with conserving neutrons as they are with 
maintaining a hard spectrum and assuring safety. 
In thermal breeders operating on the Th_U233 cycle, '1/. ranges from 2.1 to 
2 .25  and is thus much higher than for thermal breeders employing either 
U236 or PU239. 
N u mber of regions. 
In one-region reactors, the fissile and fertile materials are distributed 
quasi-uniformly throughout the core, which is made large and provided with 
an efficient reflector to minimize leakage of neutrons from the reactor. 
I n  thermal two-region reactors, fertile material is largely excluded from 
the core and confined to peripheral regions (blanket) . The core must have at 
least one small dimension so that a large fraction of the neutrons (at least 
half if B is to be > 1 .0) can migrate from the core to the blanket. Even when 
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one-region reactors are made large, the leakage of neutrons is likely to be at 
least 2 percent, giving a loss of more than 0.04 in breeding ratio. Further, in 
thermal one-region breeders employing thorium, the rate of capture of  
neutrons in Pa233 (a double loss) becomes appreciable at high specific powers 
for which neutron capture competes noticeably with radioactive decay to 
U233. It is generally conceded that the use of two regions in thermal breeders 
results in higher breeding ratios, especially if the fertile material is thorium, 
and that the use of blankets on fast reactors is always advantageous regard­
less of the fertile content of the core, since the leakage of fast neutrons is 
appreciable even from a large core. 
Materials. 
Thermal breeders are restricted in regard to the materials that may be 
incorporated into the fuel, coolant, or structure. Low thermal-neutron cap­
ture cross sections are prerequisite. Moderators are mostly limited to D, Be, 
and C; structural materials to graphite, aluminum, and zirconium;  and cool­
ants to gases, light and heavy water, hydrocarbons and fluorocarbons, liquid 
bismuth and lead, and molten fluorides of lithium-7 and beryllium (47) .  
In contrast, capture cross sections in fast-neutron spectra of many 
materials are small relative to the fission cross sections of fissiles and the 
capture cross sections of fertiles, and fast-reactor designers have somewhat 
greater freedom in the selection of structural materials (e.g., stainless steels 
and nickel alloys). Although coolants compounded of light elements are ex­
cluded, the use of some liquid metals is acceptable. Okrent has recently 
presented a comprehensive review of nuclear considerations in the selection 
of materials for fast power reactors (101) .  
Nuclear data. 
Sources and probable accuracy of cross sections of important fissile and 
fertile nuclides have been reviewed by Kasten (68), who points out the dis­
crepancies between measurements in the neutron energy range from 10 to 
104 eV and the results of critical experiments, and the lack of adequate in ­
formation on cross sections of Pu241, etc. Published multigroup cross-section 
libraries (56, 64, 93, 146) may give substantially different results (75, 92, 103, 
145) . Recent measurements of heavy-element cross sections were reported by 
Ferguson & Pattenden (38), and recent changes were reviewed by Smith 
(1 19). 
I t is not feasible to review here or even to list the large number of papers 
dealing with nuclear data and reactor studies; however, five important 
symposia should be noted: The Proceedings of the Conference on the Physics of 
Breeding (7) ,  Physics of Fast and Intermediate Reactors (62), Thorium Fuel 
Cycle Symposium (96) , The Proceedings of the Conference on Breeding, 
Economics, and Safety in Large Fast Power Reactors (8) , and Proceedings.' 
Plutonium as a Power Reactor Fuel (53). 
The energy system.-Reactors may be classified according to the mode of 
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extraction of heat as internally cooled stationary-fuel reactors, or as ex­
ternally cooled circulating-fuel reactors. 
In breeders of the first class, heat is transferred from nuclear fuel to a 
coolant inside the reactor, and the design must compromise between the con­
flicting nuclear and thermal requirements. 
Many difficulties (e.g., parasitic captures in structure) are circumvented 
by the use of a fluid fuel which is circulated through heat exchangers located 
outside the core (1) j however, there is an appreciable investment in inven­
tory of fissile and other valuable materials in the external portion of the 
fuel circuit, which tends to lower the specific power. 
The proponents of circulating-fuel breeders claim that disadvantages are 
more than offset by advantages which include (usually) an inherently nega­
tive temperature coefficient of reactivity, reduction or elimination of 
parasitic structure and control poisons, absence of a fuel fabrication cost, 
and potential for very-low-cost fuel processing performed continuously on­
site and, in some cases, integrated with reactor operations. 
Pressure-temperature . 
Reactors employing water or other volatile liquids as coolant or fuel 
carrier must be operated at high pressure (2000 psi) in order to achieve use­
ful thermodynamic efficiencies (even then, no higher than 30 percent). 
Reactor vessels tend to be small, thick walled, expensive, and a source of 
anxiety over the hazard of a rupture. Gas-cooled reactors tend to operate at 
high pressures also, but for a different reason: high temperature and high 
thermal efficiency can be attained at any pressure, but pumping costs are 
exorbitant at low pressures where the volumetric heat capacities of gases are 
low. 
Characteristic problems. 
In order that fission neutrons shall not be unnecessarily slowed by colli­
sions with other than fissile and fertile atoms, the fuel in fast breeders is 
highly concentrated. To avoid excessively high central temperatures, the 
fuel is subdivided into small units (pins) ; even so, heat fluxes required to 
give attractive specific powers ( 1MWt/kg fissile) are high (1 to 2 million 
Btu/hr ft2) .  The preferred coolant is sodium, which has a small capture 
cross section for fast neutrons, has excellent heat transport properties, and 
is chemically compatible with both metal and oxide fuels and their common 
claddings, for example, stainless steel. 
However, as discussed in Section 3, a problem in nuclear safety exists 
with the use of sodium, and this has encouraged the proponents of alternative 
systems to come forward. Recently the possibility of cooling fast reactors 
with gases under high pressure has been proposed (118). These, of course, 
suffer from the hazards inherent in the use of high pressures in a nuclear 
reactor as well as from the fact that gases are inherently poor heat transfer 
media. 
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In internally cooled thermal breeders, the nuclear fuel may be con­
veniently diluted with fertile or moderator materials, or perhaps with some 
other material having a low parasitic absorption cross section (e.g . ,  zirconium 
or its oxide) . This, however, barely renders the heat transfer problem 
tractable, for, since thermal reactors are limited to breeding ratios of less 
than about 1 . 1 ,  the specific power must be large if an appreciable fuel yield is 
to be achieved. Light water and hydrocarbons are appreciably parasitic on 
the breeding ratio, and the volume fraction of these must be compromised 
between the requirements of the neutronic and energy systems. The same 
applies to the fuel cladding which is an appreciable poison. With gases, the 
volume fraction of gas passages must be compromised between the losses 
caused by neutron leakage from the "porous" core, and high pressure drop in 
an "impermeable" core, while the pressure, if too high, results in small low­
power cores and, if too low, in large cores with low specific powers. 
Since about one third of all fission-product decay chains exhibit at some 
point a gaseous element, a means is potentially available for substantially  re­
ducing fission-product poisoning without disturbing the fuel or interrupting 
the generation of heat. The proponents of fluid fuel reactors usually claim 
this advantage for their systems, as do also the proponents of porous 
graphite-dispersion fuels. The saving can increase the breeding ratio as much 
as 0.05 in thermal reactors. Thus the use of a clad or of coated particles to 
ensure containment of fission products imposes a severe penalty on the 
breeding ratio. 
The fuel system.-The residence time of fuel in thermal breeder reactors 
is limited by the necessity of replenishing fissile and fertile materials, remov­
ing fission products, and repairing radiation damage. The ceramic fuels 
(oxides and carbides) appear to be able to withstand exposures up to 100 
M W-d/kg and their life is largely determined by balancing the cost of re­
moving fission products and maintaining reactivity against loss in fissile 
production. It is noteworthy that both the rate of loss of fissiles to waste and 
the inventory in preprocessing holdup for radioactive decay increase with 
the rate of processing. 
3. FAST·BREEDER REACTORS 
The status of fast-reactor analysis and development was reviewed by 
Koch & Paxton (75) in 1959 and by Koch (74) in 1963. Argonne National 
Laboratory has for many years conducted a fast breeder program broad in 
scope and characterized by close attention to adequacy of mathematical 
treatment of neutron physics and accuracy of nuclear data. Papers by 
Okrent (97, 100), Yittah (144, 145) , Hummel (61) ,  and Zebroski et al . ( 148, 
151) are especially recommended. 
Because plutonium is a superior fuel in fast reactors and because it is a 
by-product from the operation of present-generation reactors, fast-reactor 
development has been aimed at the utilization of U238 with recycled pluto­
nium.  
The isotope PU241 has a higher eta than PU239 at energies below 500 keY 
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(98). Uranium-238 is appreciably fissionable by fast neutrons, contributing 
up to 15 percent of all fissions. Plutonium-240 and PU242 are also fissionable 
by fast neutrons, with more than one third of their reactions resulting in 
fission. As a result, i t  is  possible for effective eta, ne, to range well above 
3 .0 .  Yiftah ( 144) , reporting calculations for a small, idealized, fast reactor 
containing a mixture of plutonium isotopes together with appropriate 
amounts of U238, iron, and sodium, gives a neutron distribution from which 
an effective eta of 3.5 may be calculated. The corresponding breeding ratio is 
2 . 1 2. The hope of achieving such very high breeding ratios has spurred the 
fast-reactor program from the beginning. 
3 . 1 .  FAST-REACTOR FUELS 
Plutonium fuel development was reviewed by Storhok (127), Okrent 
(101) ,  and Zebroski ( 148, 149) .  The Atomic Power Equipment Department 
of the General Electric Company is developing ceramic fuels (81) capable of 
long life ( 100 M W-d/kg) , while Argonne National Laboratory is developing 
a metallic fuel (39) having many desirable properties but limited to exposures 
of 20 M W-d/kg or less, together with advanced fuel reprocessing methods 
(149) which are expected to be so economical that short life will be tolerable. 
Metallic fuels.-The first core of the EBR-II consisted of an alloy of en­
riched uranium with "fissium," a material consisting principally of molyb­
denum and ruthenium. These noble-metal fission products are not removed 
by the pyrometallurgical process proposed for the EBR-II fuel ( 149) .  As a 
result of high thermal conductivity, of high atom density, and of being free 
from "fellow traveling" atoms such as are present in oxide and carbide 
fuels, the metallic fuels in small reactors show high breeding ratios, together 
with excellent safety characteristics stemming mainly from axial expansion 
of the free-standing fuel elements. 
Although rather low resistance to radiation damage limits the exposure 
life of the uranium-fissium fuels to 20 M W-d/kg or less, it was planned to 
compensate for this short life by the use of " melt refining" (23), a process 
wherein the spent fuel is melted and held in a zirconium oxide crucible until 
fission gases and volatile fission products are vaporized and rare earth ele­
ments react with the crucible. Unfortunately, when plutonium is added to 
the alloy, resistance to radiation damage decreases drastically. According to 
Foote (39) , "serious swelling occurs at (atom) bumups as low as 1% at 
temperatures as low as 4000 C. This . . .  is entirely unacceptable and some 
method of dealing with this problem must be developed if the U-Pu-Fs alloys 
are to be used at all in fast power breeders." The use of strong refractory 
alloy jackets to restrain the swelling mechanically has been proposed (15); al­
though initial tests were not encouraging, research and development con­
tinue (13) .  Studies of radiation stability of alloys of U-Pu with Mo, Nb, Zr, 
and Si are in progress (127) .  
The radiation damage in metal fuels can be avoided by operating with 
molten fuels, as proposed by Hammond et aJ. (51). An alloy of plutonium with 
cerium and cobalt is being tested statically in the Los Alamos Molten Pluto-
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nium Reactor Experiment. The molten fuel is contained in tantalum cap­
sules and is cooled by sodium flowing through the core (48; 55). 
Ceramic fuels.-The breeding ratio obtainable with ceramics suffers in 
part because of the presence of diluent atoms, which moderate fast neutrons 
and soften the spectrum. Studies of idealized reactors using oxide and 
carbide ceramic fuels were carried out by Yiftah (144), with results shown in 
Table I. 
TABLE I 
STUDY OF SOO·LITER SPHERICAL REACTORS FUELED WITH METAL, OXIDE, AND 
CARBIDE PLUTONIUM FUELS (144) 
Fuel 
Core 
Material 
Density, glee 
PU'39+PU241, kg 
Breeding ratio 
Core only 
Total 
40 PU'39, 10 Pu'40, 25 Pu241, 25 Pu24l1, plus U"3S 
25% Fuel, 25% structure, 50% sodium 
Metal Oxide 
19 S.4 
533 294 
0.86 
2.12 . 
0.37 
1.81 
Carbide 
1 1.4 
312 
0.55 
1.90 
Uranium oxide has a good resistance to radiation, withstanding exposures 
up to 100 MW-d/kg (43); has a high melting point (,,-,5000° F); and is 
compatible with stainless steel cladding. The admixture of plutonium oxide is 
not expected to impair these properties (12). Methods of fabrication and 
processing are under intensive development (16, 127, 149, 150). 
Against these advantages are the following disadvantages: a low thermal 
conductivity leading to high central temperature which limits the specific 
power, a low fuel-atom density relative to the metal fuels, moderating 
effect of the oxygen, unpredictable thermal expansion and fission gas release, 
and a tendency to react with sodium if not properly fired and sintered. 
The low thermal conductivity and high melting point are compensating, 
and it turns out that specific powers, expressed in M Wt/kg, are comparable 
for metal and oxide fuels. 
The unpredictability of the thermal expansion stems in part from the 
development of gross fissures and central voids in the oxide bodies under 
irradiation (81). A rapid increase in t�:mperature of the solid could lead to 
the collapse of these voids (slumping) and an increase in reactivity. There is 
also some possibility that plutonium or fission products, or both, may 
migrate through the fuel in regions of high temperature gradient, but this 
has been discounted by recent work (114). 
Several proposals for advanced oxide fuels are aimed at one or more of 
the following improvements; increase in specific power, reduction of fabrica­
tion cost, reduction of reactor capital cost, improvement of nuclear per­
formance. The simplest proposal is to relax the prohibition against having 
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central temperatures above the melting point, and an experimental study 
is under way on the performance of D02 fuel rods with a molten central core 
(102) .  Initial results are favorable ( 138) . 
Hammond (SO) proposes to overcome the low thermal conductivity of 
oxide fuels by mixing particles of U02-PU02 ( 10-20 microns) with sodium, 
and flowing the resulting "paste" into tubes in a sodium-cooled core. The 
paste fuel is stationary except when fission gases are purged or fuel is trans­
ported. 
Chernick (26) goes further and proposes to eliminate structural materials 
from the core by utilizing a "settled bed" of oxide particles cooled by a down­
flow of sodium. When it is desired to mix or transport the bed, flow is re­
versed and the bed is fluidized. Extensive studies of this system have been 
reported from Brookhaven National Laboratory (83, 1 13) . 
The technology of carbide fuels is not as advanced as that of the oxide 
fuels; however, carbides may prove to be superior. Breeding ratios obtainable 
with carbides and oxides are comparable [Table I or (71)]. whereas specific 
powers may prove to be significantly greater for carbides. The melting point 
of DC (about 4500° F) is nearly as high as that of D02• while the thermal 
conductivity of DC is approximately five times that of D02, which permits 
higher specific powers with the carbide or, at the same specific power, results 
in less clad and hence a higher breeding ratio. A detailed comparative study 
of the two fuels in a fast reactor was performed by Horst & Hutchins (60) , 
who enumerate four principal developments required for carbide fuels: (a) 
economical fabrication techniques, (b) a vanadium clad, (c) a fuel design 
which assures low contact resistance at the fuel -clad interface, and (d) a 
demonstration of stability under irradiation. The conceptual design pre-. 
sented by Horst was evaluated by Collins (28) ,  who found that very high 
power generation rates are required with (Pu, D)C to obtain a significant cost 
saving. However, a more recent study by Kazi & Rosen (71) indicates that 
carbide fuels have substantial technical and economic advantages over 
oxides if manufacturing and processing methods can be developed. I ntensive 
work is in progress as evidenced by the many entries under DC and PuC in 
Nuclear Science Abstracts. The development program of the United Nuclear 
Company was reviewed by Strasser in November 1963 ( 128) . 
Other ceramics, such as PuN and PuSh, are under study ( 127) .  
Dispersion fuels.-Cermet fuels, which consist of small particles of fuel 
(usually oxides or carbides) dispersed in a metallic matrix (46), are less 
promising than ceramic fuels because of the additional moderating effect 
and parasitic absorption of the matrix metal. Stainless steel bodies, con­
taining up to 50 volume percent mixed oxide particles, have been made and 
tested (21 ,  42) . A comparative evaluation of fuel cycle costs and breeding 
ratio of PU02-SS cermet fuel with a mixed oxide fuel in a sodium-cooled fast 
reactor was unfavorable to the cermet because of the absence of fertile mate­
rial in the core (33, 1 17) . The inclusion of fertile material in the oxide 
particles should result in improved performance; however, it is unlikely that 
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breeding ratios wil! be as high as with the ceramic fuels, although the 
specific power may well be higher. 
The use of fertile material (e.g . ,  uranium) for the matrix has been pro­
posed (94) and some work is in progress (112). It is expected that exposures 
in the neighborhood of 80 MW-djkg of heavy metal can be reached with 
about one fourth of all fissions occurring in the matrix uranium. 
Molten-salt fuels.-The paste, the settled-bed, and the molten-plutonium 
fuels already cited are examples of mobile fuels proposed for fast reactors. 
Another class of fluid fuels is that of the molten salts. Molten chlorides were 
first proposed by Goodman et al. (45) in 1952. B ulmer et al . (22) , in an 
evaluation of a fast molten-salt breeder, pointed out that it  would be neces­
sary to use the separated isotope Cl37 to avoid the (n, p) reaction in Cl35. 
Recently Taube (130, 131) has published from Warsaw two articles on criteria 
for selection of salts, wherein he concluded that the only suitable solvents for 
use in a fast breeder are the chlorides of sodium, potassium, and magnesium. 
The trichlorides of uranium and plutonium are dissolved in mixtures of these. 
Molten-salt fuels can be used in internally cooled reactors if they are made to 
flow slowly through tubes in the core (as in the paste-fueled reactor) , or in 
externally cooled reactors (as in the molten-plutonium reactor) where the 
heat is removed either in a conventional heat exchanger or by direct contact 
with a compatible coolant (e.g., lead) . 
3.2 LEADING FAST-REACTOR CONCEPTS 
Sodium is the favored coolant for fast reactors employing solid fuel be­
cause of its many desirable properties (47), which include a relatively low 
melting point together with a low vapor pressure at temperatures of interest, 
low parasitic neutron capture cross sections for fast neutrons, excellent heat 
transfer properties, chemical compatibility with stainless steel and related 
alloys, and a low cost. A symposium on sodium-cooled reactors was held in 
Lincoln, Nebraska, in 1961 (136). 
Fast ceramic breeders.-The leading fuel for fast reactors presently is 
(Pu, U)02 clad in stainless steel (150). This choice of oxide rather than car­
bide was partly dictated by the availability of a large body of knowledge 
and skills developed for the oxide fuels in connection with their use in 
present-generation thermal reactors. 
The breeding ratio of 1.81 cited in Table I was calculated for an 800-
liter, spherical , "idealized" core fueled with (U,PU)02 and containing no 
fission products. The plutonium mixture has a somewhat higher eta than 
would be obtained with equilibrium recycle fuel. In a 2500-liter core, which is 
of a size more appropriate for a large power reactor, the calculated breeding 
ratio of the "clean" core was only 1 .65. In operation at power, fission prod­
ucts and control elements will capture neutrons. Also, the blanket of the 
actual reactor is penetrated by coolant and control channels through which 
neutrons will escape, and the leakage from a blanket of economically 
optimum thickness may be appreciable. The coolant volume and ratio of 
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clad volume to fuel volume must both be adjusted to effect a compromise 
between the thermal and nuclear requirements. Since the design of the re­
actor must take into account the burnup of fuel in the core and accumula­
tion of bred fuel in the blanket, both peak performance and average per­
formance are impaired. As a result of these and similar effects, the breeding 
ratio in practical embodiments of fast reactors is always considerably less 
than calculated for thc idealized systems considered in preliminary evalua­
tions. 
H these were the only effects operating, it would be possible, as in­
dicated by many calculations, to achieve breeding ratios i n  the range from 
1.3 to 1.5 in sodium-cooled fast oxide breeders. Unfortunately, at present 
writing, questions of safety have arisen which obscure the situation. 
The problem arises in connection with the loss of sodium from the core 
which affects the reactivity in two opposing ways. First, as scattering power 
is lost, leakage of neutrons increases and this tends to reduce reactivity. But 
sodium has an appreciable moderating effect; as i t  is removed, the spectrum 
of neutrons hardens and reactivity increases because, while the capture 
cross section of PU239 decreases with energy, the fission cross section remains 
nearly constant or rises. Also, as the spectrum moves up above the threshold 
for fission in U238, PU240, and PU242, fissions in these nuclides contribute to 
the reactivity. 
In small reactors having relatively large leakage from the core, such as 
EBR-II and the Fermi Reactor, the increase in leakage more than compen­
sates for the hardening of the spectrum (98). But in large cores heavily 
loaded with fertile material, the leakage is small, and the reactivity co­
efficient for sodium expansion becomes positive. An increase in temperature 
of the core is accompanied by an expansion of both fuel and sodium, and 
sodium is expelled. This results in increased reactivity, more power, higher 
temperature, etc. Such a reactor is unstable and possibly u nsafe. 
The advantage of the oxide fuel is its ability to achieve long exposures 
leading to low fabrication and processing costs per unit of power produced. 
Long life can best be achieved by exposing a fuel heavily loaded with fertile 
material in a large core from which the leakage is small and in which the 
internal breeding ratio is high. But it is precisely such cores which have 
positive sodium-expansion coefficients. Thus, a major conflict between safety 
and economics exists. 
The safety of fast reactors is a difficult subject requiring sophisticated 
techniques along with penetrating insight ; it is rapidly changing both in con­
tent and methods (99). The impact of safety requirements on the economics 
of large fast power reactors is also difficult to estimate. Nevertheless, good 
beginnings have been made, and some lines of approach have been surveyed. 
The General Electric Company, at its San Jose installations (Atomic 
Power Equipment Department and the Vallecitos Atomic Laboratory), has 
been actively developing oxide fuels and fast ceramic reactors for several 
years. The reference design, a 500 M We fast oxide breeder (59), has passed 
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through several modifications in response to an increasing understanding of 
such systems. 
Cohen et aI. , of General Electric's Atomic Power Equipment Department 
(APED) , distinguish between incidents and accidents (27) . The former "is 
an abnormal occurrence which can be mastered by the reactor control sys­
tem, with at most only minor local damage to the reactor. An accident is an 
event which causes major system damage." Cohen notes that design criteria 
established to obtain safety must satisfy three general requirements. 
Operating characteristics must be secured such that (a) incidents do not 
generate accidents ; (b) accidents are not self compounding;  (c) inherent 
safety provisions limit the energy released in an accident. 
The sodium-expansion coefficient problem is to be understood in terms of 
these requirements. A positive contribution to the overall reactivity co­
efficient is not in itself dangerous provided it is always overridden by com­
pensating effects. In small reactors, the increase in leakage more than offsets 
increases in eta as sodium is expelled . In medium-size metallic-fueled reactors, 
the expansion of the free-standing metal elements contributes a paramount 
reactivity decrease. But in large reactors, this effect is not sufficiently large 
to override the spectral effects. Furthermore, oxide fuels, presently favored 
for economic reasons, expand very little. In fact, since they develop cracks 
and central voids under irradiation (81) ,  it is possible for the oxide to melt 
during a power excursion and move into a more reactive configuration. 
The sodium-reactivity problem is augmented by a "central-void" 
effect. If, during an excursion, sodium at the center of the core is vaporized, 
moderation is lost from a region of high importance. But the leakage, con­
trolled by the sodium at the periphery, is only slightly increased, and the 
reactivity increases sharply. 
Safety can perhaps be achieved by designing the core of a fast oxide 
breeder so that the so-called " Doppler coefficient" shall have a negative 
value sufficiently large under all conditions to limit the total energy release (142) . This coefficient derives from the effect of increased temperature on the 
absorptive power of fertile and fissile isotopes for neutrons of resonant en­
ergies. Low-energy resonances are strongly widened by the increased thermal 
motion of the target nuclei ; high-energy resonances are less affected. If the 
atom ratio of fertiles to fissiles is high, increasing the temperature increases 
the capture rate more than the fission rate. and reactivity decreases. The 
Doppler coefficient decreases in magnitude as the spectrum is hardened 
away from low-energy resonances, so that a loss of sodium from the core, 
and especially from the center, tends to decrease the margin of safety. M uch 
effort is currently devoted to developing methods of accurately computing 
Doppler effects in fast reactors and predicting the course of events under 
various conditions (8) . 
Cohen et al. reported in November 1963 on the characteristics of a 500-
MWe fast oxide breeder (27) designed to be safe and practicable. The core 
was flattened to increase leakage, and contained beryllium oxide to decrease 
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the dependence of the spectrum on sodium and to ensure that the Doppler 
coefficient would be sufficiently large. The severity of several possible acci­
dents was explored, and the nuclear and economic consequences of the safety 
provisions were examined. 
Recently, a design study of a 1 100 MWe reactor conceived along similar 
lines was reported from APED (91). The characteristics of the reactor are 
given in Table II. 
With beryllium present, reactivity decreases upon removal of the sodium. 
Formation of central sodium voids does lead to reactivity increases, but pre­
liminary analyses show that the total energy release is not large. The Doppler 
effect Tdk/dT is - 0.008. Without beryllium, the breeding ratio is about 1.5; 
the effect on reactivity of removing all the sodium is positive but not large, 
and the Doppler effect is only - 0.003. 
Although the case for the pancake cores containing beryllium has merit, 
it is not yet entirely clear that the concept meets all the requirements for 
safety or that it is attractive either from an economic or a nuclear stand­
point. 
Thorium-uranium fast reactor.-It may be possible to avoid the sodium­
void problem by use of the Th232_U233 cycle. Yiftah & Okrent (145), in 1 960, 
reported calculations which showed that with Th232_U233 fuels, whether 
metals, oxides, or carbides, the removal of sodium decreases the reactivity. 
Studies by United Nuclear Corporation have supported this finding (54, 
122). The sodium expansion coefficient is negative, partly because the ratio 
of fissions to captures in both U233 and Th232 increases only mildly with 
hardening of the neutron spectrum, and partly because the threshold for 
fissions in Th232 is high, the fission cross section is small, and fewer neutrons 
are produced. The reactivity of a typical reactor decreases both with 50 and 
100 percent removal of sodium. On the other hand, for high-energy neutrons, 
7J of U233 is less than that of PU239, as may be seen in Figure 1, and the fast­
neutron effect in Th is less than in U238. Nevertheless, the nuclear perform­
ance, as measured by the breeding ratio, is quite satisfactory as shown in 
Table II I ,  taken from (122). The high rate of in-core breeding results in a 
long fuel lifetime. 
Alternative coolants.-Yiftah & Okrent (145) briefly examined the effect 
of substituting the eutectic of lead and bismuth for sodium on the perform­
ance of representative fast reactors with metal, oxide, and carbide fuels. The 
breeding ratios were almost unchanged, the critical masses decreased 
slightly, and the reactivity decreased substantially upon removal of 40 
percent of the coolant. The economic penalty, if any, associated with the 
use of a lead-bismuth coolant was not examined. However, it is an inferior 
coolant, probably leading to lower specific powers and lower fuel yields, and 
it is more costly than sodium as well as more difficult to contain. 
Studies of steam-cooled fast ceramic reactors were reported by Sofer 
et aJ. in 1 961 (12 1). Recent changes, e.g., in cross sections, make interpreta­
tion difficult. Breeding ratios of about 1.3 were estimated for the reference 
304 ALEXANDER 
TABLE II 
CHARACTERISTICS OF A 1000 MWE SODIUM-COOLED FAST OXIDE 
BREEDER REACTOR (91) 
Dimensions 
Core 
Axial blanket 
Radial blanket 
Power 
Fuel 
Fuel exposure 
Volume fractions in core 
Fuel 
BeO 
Stainless steel 
Sodium 
2 ft high by 12 ft diameter 
1 . 5 ft high 
1 . 25 ft thick 
2500 MWt, 1 100 MWe 
PU02-U02 clad in stainless steel 
100 MW-d/kg fissile 
0 . 22 
0 . 07 
0 . 24 
0 . 47 
Neutron economy 
Material 
Core Blanket 
U23Sa 
D'sS 
PU·39• 
PU240 
PU241• 
PU242 
Steel 
Beryllium 
Oxygen 
Sodium 
Boron 
Misc. 
Fissions 
0 . 0602 
0 . 5590 
0 . 0435 
0 . 1088 
Captures 
0 . 4794 
0 . 1649 
0 . 0209 
0 . 0181 
0 . 0124 
0 . 0475 
0 . 0089 
0 . 0038 
0 .0205 
0 . 0416 
(0 . 0051 )  
Fissions 
0 .0105 
0 . 0316 
0 .0993 
Captures 
0 .0049 
0 . 6497 
0 . 0354 
0 . 0038 
0 . 0291 
0 .0016 
0 . 001 1 
0 . 0135 
Leakage (0 .0985) 
Effective eta 
Breeding ratio 0 . 60 
Total breeding ratio 
Fissile inventory, kg 2060 
Specific power, MWt/kg fissile 
Fuel yield, %/yr 
Doubling time, years 
• Fissiles. 
b Includes Be(n, 2n) contribution. 
2 . 74b 
0 . 65 
1 . 25 
840 
0 .66· 
4 . 6· 
220 
o Estimates by L. G. Alexander, based on ex-pile inventory of 30% of reactor 
inventory, 80% plant utilization factor. 
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TABLE III 
CHARACTERISTICS OF 3 1 5  AND 1000 MWE SODIUM-COOLED 
(U·33_ Th232)C-FuELED FAST BREEDER REACTORS (122) 
Power, MWe 3 1 5  1000 
Height, ft 4 . 6  6 . 9  
Diameter, ft 4 . 74 6 . 9  
Blanket thickness, ft 1 .33 1 . 33 
Fissiles in core, kg 1020 2440 
Breeding ratio 
Core 0 . 77 1 . 08 
Blanket 0 .54 0 . 28 
Total 1 . 31  1 . 36 
System doubling time, years 23' Not reported 
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• Based on ex-pile inventory at 93% of reactor inventory, unknown plant 
utilization factor. 
design and variants thereof, and the specific powers were about 0.4 M Wl/kg 
fissile (including out-of-pile inventory) . However, with PuO.-UOz fuel, the 
reactivity increased u pon removal of the coolant, though the effect was less 
with DzO than with H20. Flattening the core was of some avail, and it was 
predicted (though not calculated) that a combination of core-flattening and 
the use of D20 would result in a negative coolant-removal reactivity effect. 
On the other hand, with U02-ThOz fuel, removal of H20 coolant from an un­
flattened core resulted in a reactivity decrease. The critical mass was smaller, 
and the specific power somewhat higher at 0.45 M Wt/kg. 
The use of supercritical water as a coolant for fast reactors was proposed 
by Peterson & Steward ( 107) who studied a core containing layers of 
moderator sandwiched between layers of fertile material to form a flux trap 
such that reactivity decreases when coolant is lost ( 106) .  Calculated breed­
ing ratios were about 1 .2  for a 300 M We reactor. 
The cooling of large fast breeders with a high-pressure gas has the ad­
vantage that, with helium at least, removal of the coolant causes only a small 
reactivity increase, and nonuniform removal or voiding in limited regions is 
not possible. Since the moderating power of gases is slight, it should be 
possible to obtain a harder spectrum and a higher effective eta. Further, 
parasitic captures are nil . As a result, gas-cooled reactors should be able to 
achieve substantially higher breeding ratios than sodium-cooled reactors and 
at the same time be much less troubled by a coolant-void effect. On the other 
hand, gases are poor heat-transfer fluids even at high pressures, and, in order 
to attain acceptable specific powers, much larger temperature differences are 
required than with sodium. Still, since the fuel yield is proportional to the 
product of the specific power and the breeding gain, lower specific powers 
may not prohibit competitive fuel yields and doubling times. 
Of course, the high pressure is a disadvantage. Since loss of coolant 
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would have serious consequences, emergency cooling provisions will have to 
be developed. In normal operation, gas velocities will be high, pressure drops 
large, and pumping costs high ; and hot-spot control may be difficult. 
These and other aspects of the gas-cooled breeder were analyzed by 
Smidt ( 1 18), who presented a conceptual design together with the results of 
some preliminary calculations for two small reactors (35 and 156 M We) . 
The breeding ratio for the larger reactor was 1.27 at a specific power of 
0.65 M Wt/kg, based on fissiles in the core alone. 
TABLE IV 
CHARACTERISTICS OF 1000 MWE HELIUM-COOLED FAST 
OXIDE BREEDER REACTOR (30) 
Dimensions 
Core 
Axial blanket 
Radial blanket 
Coolant 
Power 
Fuel 
Exposure, MW-d/kg 
Volume fractions in core 
Fuel 
Stainless steel 
Coolant 
Neutron economy 
Material 
U238 
puma 
PU24D 
Pu241a 
Pu242 
U236& 
Steel 
Fission prod. 
Oxygen 
Leakage 
Effective eta 
Breeding ratio 
Total breeding ratio 
Fissile inventory, kg 
Specific power, MWt/kg 
Fuel yield, %/yr 
Doubling time, years 
a Fissile isotopes. 
Fissions 
0.121 
0.673 
0 . 052 
0.078 
0 . 004 
0.002 
Core 
0 . 84 
2955 
6 ft high by 10 .8  ft diameter 
15 in. thick 
18 in. thick 
1000 psi, 500-1150oF 
2500 MWt, 1000 MWe 
PU02-U02 clad in 304 stainless steel 
97 
0.2075 
0.1235 
0 . 6690 
Captures 
0 . 752 
0 . 148 
0 . 092 
0 . 013 
0.009 
0 . 001 
0 . 090 
0.068 
0.007 
3 . 04 
1 . 39 
Blanket 
Fissions 
0.036 
0.066 
0 . 000 
0 . 002 
0.55 
1104 
Captures 
0.544 
0 . 020 
0 . 001 
0.001 
0 . 032 
0 . 003 
0 . 002 
(0 .222) 
b Based on ex-pile inventory of 30% of reactor inventory, 80% plant utilization 
factor. 
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Recent preliminary calculations performed a t  Oak Ridge National 
Laboratory (30) confirm the favorable outlook for these systems, as shown in 
Table IV. 
At present it is  not clear whether or not the gas-cooled reactors have ad­
vantages and potentialities relative to the sodium-cooled reactors sufficient 
to compensate for the lead the latter have in technological development. 
3.3 FAST BREEDER REACTOR EXPERIMENTS 
Fast breeders are the objects of vigorous study, development, and con­
struction programs both in the United States and abroad. These programs 
were reviewed by the editors of Nuclear Power in December 1962 (3) , and 
by Wright (143) in October 1963. Belgium, France, West Germany, Italy, 
Japan, Sweden, United Kingdom, United States, and the Soviet Union all 
have programs. 
United States.-The EBR-I became critical in 1951 and was the first reac­
tor plant to produce electricity (3) . The ERR- I I ,  a 20 M We power reactor at 
the National Reactor Testing Station, Idaho, is a completely integrated 
nuclear power plant (5, 89, 136) incorporating a fuel recycle reprocessing 
plant (73) . The fuel consists of an alloy of plutonium and uranium with 
certain noble metals and is clad with stainless steel . Heat is extracted by 
liquid sodium entering at 7000 F and discharging at 8900 F. The breeding 
ratio is predicted to lie in the range 1.0 to 1 . 15. Dry-criticality was reached 
in September 1961; wet-criticality in November 1963 (6). Full power opera­
tions are scheduled late in 1964. 
Work on the Enrico Fermi Fast Breeder Reactor, a 60 MWe, sodium­
cooled power reactor, was begun in 1956 (57 ,  76) .  The first fuel loading con­
sisted of an alloy of enriched uranium with molybdenum, clad in Zircaloy. 
Other data are given in Table V. Legal difficulties in obtaining permission 
to begin nuclear testing and operation at power delayed the project about 
two years. 
The status of the Fermi Fast Breeder Reactor as reported at the Fast 
Breeder Reactor Conference held in Detroit on December 2-3, 1963, was 
reviewed by Du Temple in Nuclear News (32) .  The reactor was started i n  
1963, reaching a power o f  150 kWt in December. Operation a t  1 MWt i s  
expected in July 1964, with stepwise increases t o  20 ,  100, and 167  M Wt. 
Hopefully, a 200 MWt or 66 M We demonstration run could begin before the 
end of 1964. 
The advantages of molten plutonium fuel are being studied at Los 
Alamos Scientific Laboratory, Although a circulating fuel system was 
originally envisioned (51) , an internally cooled reactor is now favored (55) . 
A test reactor (LAMPRE-I) , wherein an alloy of plutonium is contained in 
tantalum capsules, has been operated successfully at 1 M Wt, and a 20 M Wt 
experiment (FRCTF) is scheduled for 1964 (49, 88) . 
United Kingdom.-The Dounreay Fast Reactor (65, 108, 120) became 
critical in 1959. I t produces 60 M Wt from an alloy of uranium and molyb-
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TABLE V 
CHARACTERISTICS OF ENRICO FERMI REACTOR (76) 
Plant capacity 
Reactor data 
Power 
Critical mass of U-235 
Equilibrium breeding ratio 
Net U235 consumed per year 
Net Pu produced per year 
Fuel alloy 
Uranium enrichment 
Core dimensions 
Diameter 
Height 
Thermal system 
Net thermal efficiency 
Primary sodium temperatures 
Leaving reactor 
Entering reactor 
Secondary sodium temperatures 
Entering stearn generator 
Leaving steam generator 
Steam pressure 
Stearn temperature 
Capital costs 
Reactor plant 
Electric plant 
Interest and administration 
Research and development 
Total 
Equilibrium fuel cycle cost 
U"'· bumup at $12/g 
Pu production credit at $8/g 
Fuel fabrication 
Spent fuel processing 
Fuel cycle working capital 
Fuel usage at 4 . 75 %/yr 
Control rods, etc. 
Total, mills/kW-hre 
100 MWe (gross) 
300 MWt 
485 kg 
1 . 2 
87 . 5  kg 
106 kg 
U-I0% Mo 
27 % 
30 . 5  in. 
30 . 5 in. 
30% 
8000 F 
5500 F 
7500 F 
5000 F 
600 psi 
7400 F 
$30 million 
14 
2 
9 
$55 
mills/kW-hre 
1 . 5 
- 1 . 2 
5 . 4 
2 . 6  
0 .4 
2 . 3 
0 . 1  
11.1 
denum clad with vanadiu m  on the fuel side and niobiu m  on the coolant 
side. In October 1962, the plant began supplying power to the North-of­
Scotland grid. A number of minor operating difficulties have been overcome 
and much valuable operating experience has been accumulated (58, 109) . 
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The success of the experiment has prompted plans for the construction, 
beginning in 1963, of a 200 M We (half-size) prototype scheduled for comple­
tion in 1969 (3) . 
Union of Soviet Socialist Republics.-The BR-2 was a 100 kWt breeder 
experiment using plutonium clad in stainless steel and cooled with mercury 
(3) . The BR-S (70, 80) , a 5 M Wt engineering research reactor, was designed 
for the testing of a variety of fuels and to gain experience in sodium cooling. 
Burnups of plutonium fuel as high as 3 atom percent without failure and as 
high as 5 percent with only minor difficulties have been reported (2, 79) . The 
reactor has been operated successfully with plutonium oxide fuel ( 1 10) . 
France.-RAcHEL, a plutonium-fuel critical assembly, has been used to 
obtain basic physics data (3). Design of RAPSODIE, a 20 MWt plutonium­
fueled breeder experiment, was begun in 1957 (24, 62, 78, 147) . A full-scale, 
nonnuclear mockup has been tested, and completion of the reactor is 
scheduled for mid-1965 (3) . Although the first loading will employ alloys 
of plutonium and uranium, work on oxide and carbide fuels is also in 
progress (1 16) .  
Fast-reactor programs in the other countries listed are in the concept­
selection or early design stage (3) . 
3.4 OUTLOOK FOR FAST BREEDERS 
The USAEC is supporting vigorous programs for the development of 
fast-reactor fuels and fast-reactor concepts. The sodium-cooled fast oxide 
breeder is presently favored, and, while the resolution of the sodium-void 
reactivity effect is not yet at hand, a number of promising approaches are 
being evaluated, including the use of flattened or subdivided cores, the addi­
tion of moderating material such as BeO to the fuel, the substitution of Th-U 
for U-Pu in the fuel, and the utilization of high-pressure gas for cooling. The 
advanced fluid-fuel reactors may provide long-range opportunity for achiev­
ing high nuclear performance with low fuel-cycle and capital costs. 
Koch, in assessing the future of fast breeders (74), notes a basic inconsist­
ency that is confusing the program. In the short run, fast breeders must 
compete economically with thermal converters if they are to be accepted 
by the electric power industry. But lower costs probably can be attained by 
sacrificing breeding ratio. Thus, an arbitrary requirement for a fuel yield of 
10 percent in near-term systems may hinder their development and use. 
The operation of the EBR-II  and Fermi reactors will soon resolve many 
uncertainties and provide a basis for extrapolating the design and for esti­
mating costs of large fast power breeders. 
4. THERMAL B REEDER REACTORS 
Levine (81) has shown conclusively that it is not possible, in practical 
thermal reactors, to breed in the Pu- U238 cycle. 
The breeding potential of thermal reactors using U233-Th has been studied 
by Chernick & Moore (25) ,  Kaufman & Jordan (69) , Levine (82) , and 
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Williams ( 141) . The papers presented at the 1959 conference on the physics 
of breeding (7) were summarized and reviewed by the authors of Power 
Reactor Technology ( 154) . Later symposia include that held in Rome in 1961 
(29) and that in Gatlinburg, Tennessee, in 1962 (96) . Kasten recently re­
viewed the outlook for thermal breeding (68) and thorium fuel cycles (66) . 
I t is generally agreed that 1/, the number of neutrons produced per 
fissile atom destroyed, is, in thermal thorium reactors well moderated with 
any of the elements D, C, or Be, sufficiently large to permit breeding with 
recycle fuel. However, the margin for breeding is small, and great care must 
be exercised to conserve neutrons. 
Referring to Equation 1 (Sec. 2.1), 'Y). is the number of neutrons produced 
from all sources (including fast fissions in Th233, U234, and n, 2n reactions in 
beryllium, if present) per fissile atom ( U233 and U235) destroyed by reaction 
with a neutron. Of these 1/e neutrons, one is required to maintain the chain 
reaction by absorption in a fissile atom. The moderator will absorb some 
small fractional number, as will also Pa233 (a double loss) , fission products, 
fuel diluents, structure, coolant, and control elements. Miscellaneous losses 
include captures in U236, Np237, fissions in Th, and loss of delayed neutrons in 
circulating-fuel reactors. Some neutrons will leak out of the reactor. Finally, 
fissile atoms are lost to waste in the processing and fabrication steps. The 
algebraic sum of all these is the net number of productive neutron absorp­
tions in Th232 and U234 per fissile atom destroyed by reaction with a neutron. 
To a first approximation, the merits of the various moderators may be 
compared, and the optimum moderator-fuel ratio may be selected by 
examination of the first three terms in the right-hand member of Equation 
1 :  1Ie - l - A (moderator) . Even in a well-moderated reactor, a noticeable 
number of neutrons will be absorbed by fissile atoms before they have been 
slowed to thermal energy, and, as indicated in Figure 1, these "epithermal" 
neutrons produce fewer neutrons per absorption than do "thermal" neutrons. 
If the ratio of moderator to fissile atoms is increased, the probability that a 
neutron will escape capture while slowing down is increased, and the mean 
value of 1/ for all absorptions in fissile atoms is increased. But parasitic 
absorptions in the moderator (and its associated structure, if any) also in­
crease. Since the mean value of 1/ approaches an upper limit corresponding 
to its average over the spectrum of the thermal neutrons, while the absorp­
tions in the moderator increase without limit, the sum of the first three terms 
in Equation 1 is a maximum at some finite value of the moderator-fuel ratio. 
Because the various moderators have different slowing-down powers, this 
optimum ratio is unique to and characteristic of each moderator. Table VI 
shows the values calculated by Levine (82) for an equilibrium mixture of 
U233 and higher isotopes with several moderators. The quantity �"2s/ N is  
proportional to the moderator-fuel ratio, for a given moderator. 
The selection of moderator and its ratio to fuel cannot be based wholly on 
this criterion, however. I n  a heavy-water-moderated reactor. for example. 
minimization of the sum of fixed charges on D20 and burnup costs (negative 
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i n  a breeder) may justify sacrifice of breeding ratio i n  favor of lower inven­
tories of D20. If a clad or other structure is required to protect or separate 
the moderator from the fuel or the coolant, the structural material should be 
regarded as a component of the moderator (e.g., zirconium in heavy-water­
moderated solid-fuel reactors) . Consequently, the margin for breeding with 
these moderators is less than indicated in Table VI,  and it is not easy to 
achieve a breeding ratio greater than unity in practical, economically attrac­
tive reactors after all the losses indicated in Equation 1 have been subtracted. 
Moreover, uncertainties in the basic nuclear data and necessary approxima­
tions in the mathematical treatment of the neutron chain reaction, to say 
nothing of ambiguities in and ignorance of present and future costs of 
TABLE VI 
BREEDING POTENTIAL OF U233 WITH VARIOUS MODERATORS (82) 
17.- 1 -A (Moderator) 
D20 C Bea H2O 
1 , 000 1 . 151  1 . 147 1 . 145 1 . 141 
2 , 000 1 . 198 1 . 187 1 . 181 1 . 162 
5 ,000 1 .228 1 . 194 1 . 175 1.118 
10 , 000 1 . 234 1 . 162 1 . 122 1 . 000 
a Excluding the (n, 2n) reaction. 
materials and operations, make it difficult to estimate the relative merits of 
competitive concepts. 
Absorption of neutrons in structure, coolant, and control poisons is de­
termined by compromising the design of the reactor to satisfy simultaneously 
the nuclear, thermal, mechanical, chemical, and control requirements. I t  
i s  here that insight and inventiveness pay, and differences between the 
various concepts become apparent. For example, in the Aqueous Homo­
geneous Breeder Reactor, the moderator is also the coolant, and control 
poisons are not used. Thus the terms A (coolant) and A (control) are zero. The 
Spectral Shift Control Reactor avoids the use of control poisons by progres­
sively increasing the fraction of H20 in the water moderator. In the High 
Temperature Gas-Cooled Reactor, the self-supporting fuel elements are 
constructed entirely of graphite and cooled with helium, thus eliminating 
A (structure) and A (coolant) . In the Seed-Blanket Reactor, fuel movement 
is used for shim control, thus eliminating A (control) .  
In current evaluations, it is customary to assume that about 1 percent of 
the fissile material is lost per pass through the processing plant. This loss is 
tolerable in  converters when fuel irradiations are above 20 M W-d/kg fertile, 
but is amplified when the processing rate is increased to achieve high breed-
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ing ratios. For doubling times of SO years, losses of about 0.3 percent per pass 
(typical of advanced aqueous extraction processes) are tolerable ; however, 
if shorter doubling times are sought by increasing the processing rate, 
processing losses may increase more than fission product captures decrease. 
Loss rates of 0 . 1  percent per pass are usually required to reach doubling 
times of ten years in thermal breeders. 
The presence in Equation 1 of the term representing twice the absorptions 
in Pa233 provides the incentive for reactor designers either to remove Pa or to 
exclude thorium from the core and confine it to a blanket. Since the mean 
life of Pa233 is about 40 days, it is i mpractical, except in fluid-fuel reactors, to 
consider removing it from the reactor. The loss may be reduced by con­
fining the thorium to a blanket where the neutron population is low. But 
since there is little "in-core" breeding in such a two-region reactor, reactivity 
lifetimes of the fuel tend to be short, especially at the high specific powers re­
quired for short doubling time. 
It is not clear that efficient axial blankets are compatible with require­
ments for passing fuel and coolant through the core. Neutrons from the core 
may escape through coolant channels in the blanket with no opportunity of 
being absorbed in fertile material. If the fertiles in the end-blankets are 
integral with fuel elements, then they must be reprocessed at the same rate 
as the fuel, which may not be desirable. 
A substantial portion of A (fission products) is contributed by gaseous 
isotopes, some of which are formed directly by fission, some by beta decay of 
precursors, and others by transmutation. The chief offender, Xe135, has such a 
high thermal cross section (3 X 106 barns) that it must be removed in less 
than a day after formation if a substantial loss of neutrons is to be avoided. 
This is feasible with fluid fuels, and possibly also with porous graphite­
dispersion fuels. The use of dense fuels, or of any encapsulated fuel which 
retains Xe135, exacts a substantial penalty. ranging up to a loss of 0.05 in 
breeding ratio. 
4. 1 THERMAL BREEDER FUELS 
The objectives and plans for the United States thorium fuel cycle pro­
gram were reviewed by Pittman at the Thorium Fuel Cycle Symposium 
(96) in  1962, and several papers relating to thermal breeder fuels were 
presented. Among the fuels considered were thorium-uranium base alloys 
clad in Zircaloy, and thorium-uranium oxides and carbides. Dispersions of 
carbide particles coated with pyrolytic graphite are also of interest (44) . 
Slurries of (Th, U)02 in heavy water are being developed for a circulating­
fuel reactor (96) . Uranyl sulfate dissolved in D20 is the favored fuel for 
aljueous homogeneous breeders (77). The fluorides of uranium and thorium 
dissolved in mixtures of the fluorides of Li7 and Be are suitable for use in 
molten-salt thermal breeders (77) ,  and a solution of uranium in bismuth was 
proposed for an externally cooled reactor ( 1 32) and an internally cooled 
reactor ( 133). 
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Farkas et al. have evaluated several thoriu m  and thorium-uranium com­
pounds as thermal breeder fuels (36, 37). 
4.2 LEADING THERMAL BREEDERS 
The development of aqueous homogeneous breeder reactors was pursued 
at Oak Ridge National Laboratory for several years (77) . The fuel, a solu tion 
of U02S04 in D.O, was circulated through a Zircaloy core tank to an external 
heat exchanger. Fission products were to be removed as precipitated oxides 
by means of hydroclones, but this process was never fully demonstrated. 
The blanket system was not fully developed, although a large amount of in­
formation on slurries of thoria in D20 was obtained, and some studies of 
thoria pellets in direct contact with D20 were made (20). Studies of ad­
vanced systems were reported by Kasten in 1959 (67) . 
This concept achieves close to the limiting performance for thermal 
breeders in several respects. Parasitic captures in fission products, coolant, 
and structure are reduced to a minimum. The neutron spectrum may be 
well thermalized to obtain a high effective eta without too great a loss of 
neutrons to the moderator. The excellent heat-transfer properties of D20 
combined with low critical inventories lead to high specifi c  powers ( �1 
M We/kg) . 
Breeding ratios up to 1 . 14 and fuel yields in the range from 8 to 16 per­
cent per year were calculated for a 330 MWe reactor having a thoria-pellet 
blanket (1) .  It seems clear that no other thermal breeder can match this 
performance. 
Although good progress was made at Oak Ridge on many of the required 
developments, difficulty in guaranteeing the integrity of the core vessel was 
encountered as a result of phase instability in the fuel. At temperatures 
above 3000 C, a uranium-rich phase appears. This instability apparently 
led to or augmented the deposition of fuel on the core vessel of an experi­
mental reactor, with the result that two holes were melted through it  (20) .  
Development work o n  the concept was terminated i n  1961. 
I n  the liquid-metal-fueled breeder reactor concept (132), a solution of 
uranium i n  liquid bismuth is circulated through a graphite core structure to 
external heat exchangers. A slurry of ThO. i n  bismuth is circulated through 
the blanket region. Breeding ratios, calculated on the same bases used in 
estimating those reported above for the aqueous reactor, ranged as high as 
1.06, and fuel yields in the range 1 . 5  to 3 percent per year were calculated 
(1). Although a large amount of information on the fuel system was accumu­
lated at Brookhaven National Laboratory (77) , work on the project was 
terminated when, in 1960, difficulties with mass transfer in the fuel system 
arose requiring the development of a novel heat exchanger fabricated en­
tirely from tantalum. 
The molten-salt thermal breeder concept is  based on the technology 
developed at Oak Ridge National Laboratory in connection with the Aircraft 
Nuclear Propulsion Project. The fuel consists of a solution of UF4 in a 
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mixture of the fluorides of lithium and beryllium melting at about 850Q F. 
Because of the very high parasitic capture cross section of LiS, it is necessary 
to use the separated isotope Li7 (99.995 percent) . In the breeder concept 
proposed by MacPherson (90) , the fuel stream is circulated through graphite 
bayonet tubes that dip into holes penetrating a massive graphite core struc­
ture. Blanket fluid, a solution of ThF4 in LiF-BeF2, surrounds the core and 
occupies the annular spaces between the fuel tubes and the moderator 
blocks. The graphite tubes are joined at the top to a header fabricated of 
INOR-8, an alloy of nickel with molybdenum, iron, and chromium. External 
equipment (pumps, heat exchangers, etc.) are also constructed of INOR-8. 
Although thorium is present in the core, the Pa formed is rapidly diffused 
through the very much larger blanket region, and neutron captures in Pa are 
not excessive. Nuclear calculations for this system in the same series re­
ported above (1)  resulted in estimates of breeding ratios up to 1 .08 and fuel 
yields in the range from 2 to 7 percent. 
For the present, the technology of handling radioactive molten-salt fuels 
and the compatibility of salt with graphite and INOR-8 in radiation fields are 
in the process of demonstration in the MSRE, a one-region, one-fluid, reactor 
experiment (18) .  Major problems in the development of the two-region, two­
fluid concept (1) are : (a) demonstration of reliable graphite-metal joints, (b) 
development of processes for removing fission products from the fuel stream 
without the excessive loss of any valuable component, (c) demonstration of a 
graphite that is impervious to salt and fission gases, (d) engineering develop­
ment of core structure that will satisfy the conflicting nuclear, thermal, and 
mechanical requirements. Problems arising from the effect of radiation on 
graphite may be difficult to solve. Further, it would seem that the presence 
in the core of a fluid fertile stream which can be drained independently of the 
fuel is inherently hazardous. 
Gas-cooled graphite-moderated breeder reactors were studied by Perry 
et al . ( 103, 104) , who point out that for best performance the thorium must 
be excluded from the core so that captures of neutrons in protactinium will 
be reduced. This requires that at least one dimension of the core shall be 
small ,  a requirement satisfied by "pancake" and "pencil" cores. The 
favored fuel consists of carbon-coated particles of (Th, U)C dispersed i n  
graphite. The concept proposed b y  Perry ( 104) , with some additional 
assumptions concerning the fuel element design, was evaluated in parallel 
with the previous concepts ( 1 ) .  Conversion ratios up to 1 .06 with fuel yields 
in the range from 2 to 4 percent per year were calculated. The inferiority of 
the fuel yield was due in part to the rapid rate of refueling coupled with an 
assumed 90-day holdup of spent fuel before reprocessing. 
There has been no program directed specifica\1y toward the development 
of a two-region gas-cooled graphite-moderated breeder reactor, although the 
effort currently devoted to one-region converters will develop much useful 
information. 
Very little conceptual design and evaluation work has been done on two-
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region D20-moderated breeder reactors, either of  the pressure-tube (10, 125) 
or of the pressure-vessel type (19).  In a pressure-tube reactor, in which the 
coolant is separate and distinct from the moderator, several combinations of 
coolant and fuel are possible, including H20, D20, and organic liquids with 
thorium metal or oxide fuel clad in Zircaloy, or gaseous coolants with a 
dispersion of carbide fuel in unclad graphite. The latter combination was 
chosen for the comparative evaluation (I) ,  with the result that breeding 
ratios ranging up to 1 .06 and fuel yields in the range from 2 to 4 percent per 
year were calculated. This result is only roughly indicative of what might be 
obtained with the combination of materials chosen. As with the graphite­
moderated gas-cooled reactor mentioned above, this system suffered a 
penalty in specific power as a result of rapid refueling and assumed long 
preprocessing holdup. 
In thermal breeders the margin for breeding is uncomfortably small, and 
uncertainties and probable errors are large compared to this margin. In the 
absence of accurate data and of detailed engineering designs, the tendency 
always is to make optimistic assumptions, and to use approximate methods 
appropriate to the precision of the input information. It seems safe to say 
that, barring unforeseen technological breakthroughs, the estimates so ob­
tained represent the upper limit of performance for the systems studied. 
That is to say, it is not clear that any of the thermal breeder systems studied, 
except the aqueous reactor, can achieve breeding ratios significantly greater 
than unity. In regard to the aqueous reactor, when consideration is given to 
the fact that data for its well-thermalized spectrum are relatively more cer­
tain than for the others, and to the intensive studies devoted to it for many 
years, including two reactor experiments, it seems probable that this concept 
can achieve breeding ratios as high as 1 . 1 .  On the other hand, since the large 
power cores provided with efficient blankets have not been developed, the 
specific powers estimated may be optimistic, and the attainable fuel yield 
may not be as high as 10 percent per year. 
4.3 THERMAL BREEDER REACTOR EXPERIMENTS 
A queous homogeneous breeder reactor .-There is now no active develop­
ment program aimed at the construction of a two-region thermal breeder. 
The Homogeneous Reactor Test (HRE-II), the only two-region thermal 
breeder experiment to reach the construction stage of development, was 
terminated in April 1961, following a series of difficulties with the core 
vessel. 
The tcchnology of aqueous homogeneous reactors was extensively re­
viewed in 1958 by Lane et a1. (77) . A summary of operating experience was 
presented by Briggs (20) in 1962. 
The HRE-I I  was designed to produce 5 MWt in a core 32 in. in diameter. 
The fuel, consisting of a solution of uranyl sulfate dissolved in D20,  was 
circulated through the core at 2000 psi, entering at 2560 C and leaving at 
3000 C.  The core vessel was constructed of Zircaloy-2, 5/16 in. thick. The 
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blanket, 13 in. thick, initially contained only D20 .  It was planned to circulate 
a slurry of Th02 in D20 through the blanket to demonstrate two-region 
breeding, but difficulties with the core vessel prevented this. After about 500 
hours of operation at full power, leaks developed ; thereafter the reactor was 
operated with fuel solution in both core and blanket regions. Attempts to 
patch two major penetrations of the core vessel were partially successful .  
The difficulties with the core vessel were attributed to an interaction between 
a phase instability of the fuel solution and a hydrodynamical instability of 
the boundary layer inside the core vessel which resulted in an autocatalytic 
deposition of fuel, first as the sulfate and then as the oxide. Consequent high 
local rates of heat release, probably coupled with film boiling, resulted in 
melting and the formation of two holes in the vessel wall .  
One-region reactor experiments.-The one-region reactors such as KEMA 
(72) , Candu (86) , HTGR (40) , and MSRE ( 18) may be regarded as contributing 
to the technology of thermal breeders, but they will not provide any defini­
tive knowledge of the performance level that can be obtained in two-region 
breeders, and themselves are not capable of achieving fuel yields of 10 per­
cent per year, a criterion discussed later (p. 3 1 7 ) .  The role of one-region 
converters is discussed further (p. 292) .  
4 . 4  OUTLOOK FOR THERMAL BREEDERS 
Two-region breeders.-It might be argued that when uranium reserves 
are depleted it will be necessary to develop thermal breeders utilizing 
thorium. But, according to Lane (73) , if a fast-breeder industry is established, 
reserves of uranium costing less than S50 per pound of UaOg will last at least 
200 years. Further, when reference is made to the fast thorium reactors 
discussed in Section 3.2 ,  it is not at all obvious that fast reactors cannot 
utilize thorium more efficiently than thermal reactors can. 
Some seek incentive for the immediate development of thermal breeders 
in the expectation that they will be capable of lower power costs than the 
next generation of converter reactors. However, studies almost invariably 
show, even when development costs are excluded, that the converters have 
the advantage in both capital and fuel cycle costs. 
Excepting only the aqueous reactor, the two-region breeders are most 
profitably operated at small or negative fuel yields, and thus do not satisfy 
the criterion of merit (introduced in Sec. 2 .3) of achieving a fuel yield of 10 
percent per year at a fuel cycle cost of  1 mill/kW-hre. 
In regard to the shortage of fissiles foreseen by Dietrich (3 1 ) ,  the aqueous 
reactor is the only thermal breeder that could contribute significantly to 
providing inventory for an expanding nuclear power system. Since the specif­
ic inventory requirement in terms of kilograms of uranium mined per kWe 
installed is significantly less than for fast breeders, some feel this system 
might be sufficiently attractive to overcome the lead in development 
possessed by fast reactors, particularly if the latter fail in some important 
aspect (e.g. ,  safety) . 
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The future of thermal breeders depends in the last instance upon their 
ability to compete with fast breeders for development monies. All things 
considered, it must be conceded that fast reactors presently have the ad­
vantage. Dietrich (31) remarks : 
. . .  it is not obvious that practical designs of fixed-fuel thermal reactors can 
achieve breeding in the sense of producing excess fuel at an important rate. It is 
well known that the circulating fuel systems, at least the aqueous homogeneous 
systems, offer breeding possibilities. The difficulties of the aqueous homogeneous 
breeder are, of course, well known, and, until the problems of this reactor type are 
solved, there must be large uncertainties in the level of performance that could 
actually be achieved. It appears at the present time that the fast breeder is the 
only reasonably assured approach to breeding . . . .  
The role of high-neutron-economy converters.-Most of the advanced thermal 
reactors presently receiving substantial attention are of the one-region "near­
breeder" variety. Four of these show potential for having fuel yields margin­
ally greater than zero ( .:5  2 percent/year) ; these are (a) a gas-cooled graphite­
moderated reactor employing graphite-dispersion fuels, (b) a heavy-water­
moderated reactor employing thorium oxide clad with Zircaloy, (c) a 
D20-Th02 suspension reactor, and (d) a molten-salt converter reactor. 
Members of variety (a) include the HTGR family exemplified by the Peach 
Bottom Reactor (40) , the Pebble Bed Reactor studied at Oak Ridge (41) ,  
the AVR reactor under construction i n  Germany ( 1 15) ,  and the Dragon re­
actor (87) in England. Variety (b) is represented by the Indian Point Reac­
tor (4) now in operation with H20 moderator; by the Spectral Shift Control 
Reactor (11 ) ; and by the Candu family of heavy-water-moderated power re­
actors (9, 86) .  The KEMA reactor (72) is related to concept (c) and the MSRE 
(18) to concept (d) . 
The light-water seed-blanket concept (76) ,  which is an advanced version 
of the Shippingport PWR, can also achieve conversion ratios close to unity 
when fueled with U233_Th. It  is unlikely that this type of reactor, however, 
can ever achieve a positive fuel yield (76) .  
Although the advent of large central processing plants ( 10-30 tonnes of 
spent fuel per day) could reduce the contribution of processing to fuel cycle 
costs to low levels ( ",0. 1 milI/kW-hre) , this wiII be offset by a rise in use 
charges on nuclear materials from the present level of 4.75 to about 10 per­
cent per year. To achieve fuel cycle costs less than 1 mill/kW-hre, it will be 
necessary to maintain overall specific powers of 0.3 MWe/kg or higher. The 
resulting loss of neutrons by capture in Pa233 and Xe13fi will make it difficult 
to achieve breeding ratios in excess of 1 .0 in these one-region reactors. 
I t is of course clear that a fuel yield no greater than 2 percent per year is 
not significant in relation to the inventory shortage anticipated by Dietrich 
(3 1 ) .  However, the interim development of near-breeders may be signficant 
both in reducing and postponing the inventory shortage, since they are 
capable of high specific powers and can thus reduce the i nventory demand. 
In this connection, Perry (105) has made two observations. The first is that 
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thermal thorium converters require the mining of much more uranium than 
of thorium for initial inventory and makeup. Of course, the bulk of the 
uranium mined is discarded in diffusion plant tails. The ratio of uranium t o  
thorium mined lies between 10 and 2 0  (depending on the reprocessing losses) 
for reactor systems having conversion ratios of 0.9. The second observation 
is that, in spite of this, thermal thorium converters utilize mined uranium 
more efficiently than do thermal uranium converters for the reason that 
U233 is superior to PU239 as a recycle fuel. Thorium reactors thus maximize the 
electrical industry that can be supported by a given diffusion plant capacity 
because inventories are lower, fuel lifetimes are longer, and optimum conver­
sion ratios are considerably higher. Low-enrichment uranium reactors are 
perhaps capable of producing 20 MW-d of heat per kilogram of separative 
work (or 17 MW-d/kg of uranium mined at a burnup of 2 percent) ; thorium 
converters can match this at a conversion ratio of 0.8, and can achieve 80 
M W-d/kg of separative work at a conversion ratio of 0.95. 
Thus thermal thorium converter reactors may have an important interim 
role in the development of nuclear electric power quite apart from the fact 
that their development contributes to the technology of thermal breeders. 
5. SUMMARY AND CONCLUSIONS 
Present-generation converter reactors utilize less than 1 percent of the 
energy latent in natural uraniuIU. They would, if  used to expand nuclear 
electric power, fully commit our low-cost reserves well before 2000 A.D. ; 
they would by then have produced only insignificant amounts of power ; and, 
using high-cost ores, they could not continue to produce low-cost power. 
Breeder reactors will be able to produce power at a low cost while using 
high-cost ores for replacement of fertile isotopes, but their inventory require­
ments for highly enriched fissiles will, if supplied wholly from uranium, ex­
haust the low-cost reserves and bring on an "inventory shortage" at an early 
date (3 1 ) .  It is therefore important to develop and introduce breeders early 
so that their excess production of fissiles may be used to provide some in­
ventory for new breeders and thus postpone and mitigate the inventory 
crisis. 
A substantial effort for the development and construction of thermal 
converters in the United States is being sustained with both public and 
private monies. The USAEC has recently outlined a specific program costing 
more than one-half billion dollars for the development of fast breeders but 
has no comparable program for the development of thermal breeders, al­
though there is some effort devoted to the development of thermal thorium 
converters which contributes indirectly to thermal breeder technology. But 
the principal role presently assigned to thermal converters is that of provid­
ing interim means of improving fuel utilization pending the development of 
fast breeders. 
Assuming the fast-reactor program wiIl be successful, Lane (76) makes 
the following projection concerning the types of reactors that will be con-
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structed : (a) the present head start achieved by slightly enriched BWR'S will 
result in such reactors dominating the industry through 1975 ; (b) water 
desalination reactors, the need for plutonium, etc., will expedite the introduc­
tion of natural uranium-D20 reactors, and increasing numbers of these will 
be built along with PWR'S and BWR'S in the period 1975-1985 ; (c) by 1985, 
the enrichment capacity of existing diffusion plants will be saturated, and the 
construction of new reactors based on the use of slightly and highly enriched 
U235 will decline in favor of natural uranium-D20 reactors and fast breeders 
(148) ; Cd) by 1995, fast breeders will take over the main j ob of supplying 
fissile inventories, and natural uranium reactors will drop out of the picture. 
A symbiotic relation between natural uranium converters and fast 
breeders is foreseen. Stoker et al . (126) predict that "supply and demand 
between thermal and fast reactors can set the price of by-product fuel and 
thus determine the optimum "mix" of the reactor types. "  A scarcity of 
plutonium would encourage the construction of thermal converters and dis­
courage the construction of fast reactors, and vice versa. Patterns of pluto­
nium production and use were studied by Zebroski et al. (148) . 
Lane's proj ection leaves no role to thermal thorium converters other than 
as interim competitors with the light-water reactors. But if Um should prove, 
for reasons of safety and economics, to be superior to plutonium in fast re­
actors, there would perhaps be incentive to develop thermal thorium con­
verters fueled with U235 or PU239 and producing U233. 
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